This paper aimed with diagnosis of defects in asynchronous machine. The used method is based on the exploitation of the behavioural laws of magnetostrictive and piezoelectric materials, under harmonic regime, used in the construction of the asynchronous machine. Piezoelectric sensors are used both in the stator and in the rotor. The used one in the stator serves to detect the rupture at the stator windings and the one used in the rotor helps us to detect the rupture of the rotor bars. The produced electric potential in the terminals of piezoelectric sensor is due to the deformation generated by magnetic induction under the effect of magnetostriction. A finite element method (FEM) is selected to be the resolution numerical method. This method is used for modelling the asynchronous machine under anomaly conditions and non-load.
INTRODUCTION
The three-phase asynchronous machine is widely used in industrial applications because its relatively simple design, its cost is relatively lower than the other machines, its robustness at the electromagnetic level is great, and a good standardization exists between the different manufacturers. Therefore, the detection of defects in these types of machines is requested and has a great benefit for the manufacturers and the users. During the operation of these machines there are often a lot of defects that can be occurred. Among them we can cite: power supply phase interruptions and winding breaks in the stator or bars in the rotor. These are considered as major and harmful electrical and mechanical defects in electrical machines and can also lead to eccentricity faults [1] .
Breaking in rotor bars can cause many serious concerns in the asynchronous machine operating. The reduction in the machine efficiency, the localized rotor heating and more importantly the rotor vibration due to the rotor expansion and bowing are the main concerns that can be found. Hence, a lot of approaches have been proposed in the literature trying to detect and analyse the broken rotor bars signature [2] - [8] . The first approach is based on the involving of the stator currents to analyze the broken rotor bars [9] . However, this approach represents some limitations reported in [10] - [12] . Another approach is based on the use of Artificial Neural Networks. This tool is used successfully by Sadeghian et al. [13] in the detection of broken rotor bars under reduced load conditions. The work of [9] used an electrical circuit model. In this model, the currents in the broken bar are cancelled and the flow currents in the adjacent bars are increased. However, these bars can be only degraded but not completely broken and this state can be modelled with a low electrical conductivity of the corresponding bar [14] or by a high resistance in which increases the resistance of the rotor bar [9] . Secondly, they are definitely broken by zero electrical conductivity [14] .
In this work, we have presented a new approach based on the use of the so-called smart or active materials. Our idea is based on the exploitation of the piezo-magnetic materials properties that makeup the stator and the rotor of asynchronous machines. These active materials are used as smart sensors to record different signals. One of the important studies in the field of smart materials are presented in [15] - [17] where the behaviour of weakly magnetostrictive ferromagnetic sheets (FeSi, FeCo,..etc.) under uni-axial solicitations is studied. Another fundamental works that must be considered are those published [18] - [20] that concern mainly consideration of the state of multiaxial constraints on the magnetic behaviour. The presence of a magnetic field causes deformation in these materials which is transmitted to the piezoelectric material. This deformation is the origin of an electric polarization. It is the direct piezoelectric effect, which corresponds to the DIAGNOSTYKA, Vol. 19, No. 3 (2018) Regaz A, Zegnini B, Mahi D, Boukezzi L.: Detection of faults in the asynchronous machine by the use … 44 electric polarization of the material under the action of a mechanical stress [21] , [22] . The formulation of the electromechanical and magneto-mechanical problem takes into account the coupling phenomena through the piezoelectric and piezo-magnetic behaviour laws. The formulation associated with this problem can be obtained from the minimization of the functional energy. A finite element method FEM is selected to be the resolution numerical method. This method is a more powerful and versatile numerical technique for handling problems involving complex geometries and inhomogeneous media. In our previous work on piezoelectric materials we have contributed by the creation of a toolbox 3D under environment Matlab for analysis the 3D FEM time harmonic problems in piezoelectric materials [23] [24] . Another toolbox created also by us [25] specialized in the analysis of magnetostrictive materials. In this paper both created toolbox coupling between them will be used to diagnosis and detect defects in the asynchronous machines.
PARAMETERS AND GEOMETRY OF THE ASYNCHRONOUS MACHINE
The studied asynchronous machine has four poles and consists of a stator containing thirty-six slots in which are placed the windings connected to the three-phase voltage source. The rotor is a squirrel cage rotor type includes twenty-eight aluminium bus bars. The air gap was a quarter of a millimeter as presented in Fig. 1 . 
BEHAVIORAL LAWS
The stator generally consists of Fe-3% Si steel sheets with non-oriented grains which act as a channel for the magnetic flux, and it also carries supply windings. The ferromagnetic materials exhibit a strong magneto-mechanical coupling between the magnetic induction and the deformation. The existing coupling can be represented by the following behaviour tensors [26] : e: Electro-mechanical coupling tensor under a stress and a given electric field.
In the air-gap and the stator windings the magnetic induction is proportional to the magnetic field as in (5) .
With: µ 0 : permeability of a vacuum is equal 4π·10 −7 H/m. The rotor bars present the birth of the induced currents so:
With: J ind induced electric currents, ο: electrical conductivity.
FINITE ELEMENTS FORMULATION

Piezomagnetic
In the domain of magnetostrictive material, the magneto-mechanical problem can be formalized by the following equations: 
Where: [K μ ] is the magnetic stiffness matrix and is defined by the following relation:
is the mechanical rigidity matrix and is defined by the following relation:
Piezoelectric
We chose the PZT-H5 ceramic as sensor material. The deformation of the stator and the electric potential in the terminals of the sensor are related by a strong electromechanical coupling as given in the following equations:
After the discretization and the assembly we can write the system of algebraic equation as follows: The tensors s E and ξ σ are in the strain plane and we must transform them to the stress plane using the following equations:
Supply windings
In three phases of stator, we have injected a current supplied by the external electrical circuit as presented in equations (22) 
Rotor
In the rotor bars there is a current induced by the relative motion of rotating field with respect to rotor position. We have the following partial differential equation:
with: ω r : is the pulsation of the rotor currents 4.
The air-gap
In the air gap the magnetic induction is proportional to the magnetic field, so we can write:
RESULTS AND DISCUSSION
Before talking about the obtained results, it is necessary to claim the position of the piezoelectric sensor in the rotor and the stator is very important because some perturbation in the magnetic flux repartition can be induced by the presence of this sensor. The induced perturbation is highlighted in Fig. 2 . The incorporation of our piezoelectric sensor can perturb the operation of the machine by the prevention of magnetic flux flow in ferromagnetic materials because piezoelectric ceramics have a paramagneticbehaviour [27] . However, the magnetic potential lines did not penetrate into the inside of the slot as shown in Fig. 2 . So this situation leads to choose the sensor position to be in the inside of the slot in order to avoid all possible disruption of the potential lines and hence the degradation of the machine operation. In order to correctly position the sensor, it is necessary to take into consideration first the field disturbance. The preliminary results represented in Fig. 3 . Show that the value of the magnetic induction is minimal in the slots. However, the total displacement is maximal in the boundary of the slot as represented in Fig. 3 . In the other hand, this figure highlights also that the applied magnetic field induces two deformation domains situated symmetrically according to the x axis. For these reasons we propose to install two sensors shift by 180 0 relative to both each others in the slots as shown in Fig. 5 .
The polarization of the piezoelectric materials plays an important role and has a direct influence on the voltage at the sensor terminals. The polarization of the piezoelectric materials can be chosen according the x axis or y axis leading to the visualization of two components u and v of displacement along the x and y axis. In our case the maximum displacement along the x axis is greater than the y axis as represented in Figs (27) and the electromechanical coupling tensors will be: According to the position of the piezoelectric sensor in the slot of stator, represented in Fig. 7 , we can detect a voltage that we call V s . This voltage is detected when the machine is healthy (without any defects). The results of the magnetic potential lines are presented also in Fig. 8 and are not disturbed by the presence of the piezoelectric sensors in the slots consolidating then our previous choice analyzed previously. The voltage V s at the terminals of the piezoelectric sensor has the form represented in Fig. 8 . This voltage has sinusoidal form and follows the total displacement. In Figs. 10a to 10c we have presented the voltage in the terminal of both used sensors for machine presenting cut-off of one phase or two phases together. The cut-off ofone phase gives the same signal in both sensors because their symmetrical position. As the sensors are placed in the phase C, the recorded signals present magnitude bigger than the healthy machine with the same frequency. However, when the cut-off of phase is done in phase A or B, the signals are completely distorted.
When the cut-off of phases is occurred in two phases together, the behaviour is quite different. The obtained results of this case are displayed in Figs. 10b and 10c . The recorded signal by both sensors is the same in the case when the cut of is occurred in phase B and phase C in the same time, but when the cut-off is located in the phases A and C or A and B the recorded signals by each sensor is opposite to the other. The detection of the broken rotor bars is put also in evidence in our study. It is well highlighted that the detection of the broken rotor bars is no longer possible by the sensors that are installed in the stator. So we have proposed in this part of the work to add another sensor in the rotor to detect the defaults in rotor bars. For the position of the latter, we have followed the same philosophy as in the stator. First we chose the sensor position far from the magnetic saturation for not disturb the operation of the machine. The repartition of the magnetic induction represented in Fig. 11 allowed us to choose the position between the bars. Furthermore, Fig. 12 represents that the total displacement has a maximum in the higher boundaries of bars. This distribution requires that the sensor position must be in the middle of the poles as shown in Fig. 13. Regaz A, The direction of the applied polarization of material has often a determinant part to get a maximum displacement. Thus a small analysis of the determination of the displacements according to the x and y axis (u and v) must be conducted.
The obtained results are respectively represented in Fig. 14 and 15 . As long as u greater than v we will polarize the sensors along the x axis as in the stator. According to the piezoelectric sensor installation between the bars Fig. 16 we can detect a voltage that we call V r where the machine is healthy. This voltage has a sinusoidal form and follows the maximal total displacement Fig. 18 .
It is well known that the main defaults that occurred in the rotor are the break of bars. This phenomenon is the responsible of the machine vibration. Furthermore one bar or more can be broken simultaneously, thus our analysis must cover all the possible cases. In the first step one broken bar is studied and then tree bars are considered to be broken together. The position of the broken bars can be adjacent or no Fig. 17 . All these possible cases give results summarized in the Fig. 18 . This figure shows that the generated voltage in the terminal of the piezoelectric sensor presents higher values than the healthy case. This increase is due the penetration of the magnetic flux more into the rotor because of the absence of currents induced in the cut magnetic bars as shown in Fig. 19 . The penetration of the flux is important when the broken bars are in adjacent positions as shown in Fig. 19 . This important penetration leads to higher value of the generated voltage in the sensor as can be seen in Fig. 18 . 
CONCLUSION
In this paper, we propose a new method for the diagnosis of defects in asynchronous machines based on the exploitation of smart materials. We have modeled the strong electromechanical and magneto-mechanical coupling phenomena through the laws of piezoelectric and piezomagnetic behaviours. The resolution of the partial differential equation is taken part with the finite element method, and then we exploited them to detect the defects in the three-phase asynchronous machine. The principle of our approach is based on the observation of electric potential induced on the electrodes of piezoelectric layer installed in the stator or in the rotor by their deformations under the effect of the magnetostriction behaviour of the make-up materials of the asynchronous machine. Anyway, it was compared with the reference value where the machine healthy for locality the cut of coil stator or broken rotor bars.
